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1. Introduction
DNA based transposon vectors offer a mechanism for non-viral gene delivery into mamma‐
lian and human cells. These vectors work via a cut-and-paste mechanim whereby transpo‐
son DNA containing a transgene(s) of interest is integrated into chromosomal DNA by a
transposase enzyme. The first DNA based transposon system which worked efficienty in
human cells was sleeping beauty. This was followed a few years later by the use of the piggy‐
Bac transposon system in mammalian and human cells. The advantages of transposon vec‐
tors include lower cost, less innate immunogenicity, and the ability to easily co-deliver
multiple genes when compared to viral vectors. However, when compared to viral vectors,
non-viral transposon systems are limited by delivery to cells, they are possibly still immuno‐
genic, and they can be less efficient depending on the cell type of interest. Nonetheless,
transposons have shown promise in genetic modification of clinical grade cell types such as
human T lymphocytes, induced pluripotent stem cells, and stem cells. Recently generated
hyperactive transposon elements have improved gene delivery to levels similar to that ob‐
tained with viral vectors. In addition, current research is focused on manipulating transpo‐
son systems to achieve user-selected and site-directed genomic integration of transposon
DNA cargo to improve safety and efficacy of transgene delivery. DNA based transposon
systems represent a powerful tool for gene therapy and genome engineering applications.
2. Transposons as gene delivery systems
Transposons or mobile genetic elements were first described by Barbara McClintock as
“jumping genes” responsible for mosaicism in maize [1]. Transposons are found in the ge‐
nome of all eukaryotes and in humans at least 45% of the genome is derived from such ele‐
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ments [2]. Transposons active in eukaryotes can work either by a “copy and paste” (Class I)
or “cut and paste” (Class II) mechanism (Figure 1).
In the “copy and paste” mechanism, the transposon first makes a copy of itself via an RNA in‐
termediate (hence also known as retrotransposons).Class II DNA-transposons work by a “cut
and paste” mechanism in which the transposon is excised by the transposase upon expression
and then relocates to a new locus by creating double strand breaks in situ. Most transposon sys‐
tems used for gene delivery use a modified “cut and paste” system consisting of a transposon
carrying the transgene of interest and a helper plasmid expressing the transposase (Figure 2).
The “cut and paste” transposition mechanism involves recognition of the inverted terminal re‐
peat sequences (IRs) by the transposase and excision of the transposon from the donor loci,
usually a supplied plasmid. The two most commonly used transposon system for genetic mod‐
ification of mammalian and human cells are sleeping beauty and piggyBac.
Figure 1. Class I and II transposons and mechanisms of integration.
The sleeping beauty (SB) transposon was reconstructed from the genome of salmonid fish us‐
ing molecular phylogenetic data [3] and belongs to the Tc1/mariner superfamily of transpo‐
sons. The sleeping beauty transposon is flanked by 230bp IRs which conatin within them
non identical direct repeats (DRs).
The piggyBac transposon was isolated from cabbage looper moth Trichoplusia ni[4].One de‐
sirable feature of the piggyBac system is the precise excision of the transposon from the do‐
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nor site without leaving behind any footprints [5], making it an attractive feature for cellular
reprogramming. Excision of the transposon from the donor site, creates complimentary
TTAA overhangs which undergo simple ligation to regenerate the donor site bypassing
DNA synthesis during transposition [6].
In “cis” delivery the transposase is carried by the same plasmid backbone as the transposn.
In “trans” delivery it is delivered by a separate circular plasmid. For gene therapy purposes
transposase and transposon are delivered either in “cis” or in “trans” (Figure 2). In “cis” de‐
livery the transposase is carried on the same vector backbone as the transposon carrying the
gene of interest (GOI). In the “trans” configuration, the transposase is delivered by a sepa‐
rate non integrating plasmid. The “cis” configuration has been shown to improve transposi‐
tion efficiency [7], but there is a question of whether the linearized backbone carrying the
transposase may also get integrated and lead to residual transposase expression. A compari‐
son of the properties of sleeping beauty and piggyBac is described in Table 1.
Figure 2. “Cis” and “Trans” transposon mediated gene delivery. GOI, gene of interest; 5’TR, 5’ terminal repeat; 3’TR, 3’
terminal repeat; the yellow and beige arrows indicate promoters to drive gene expression.
3. Advantages of transposon as gene delivery system
3.1. Lower cost compared to viral vectors
In spite of viral vectors having been successfully used in gene therapy clinical trials (e.g.
generation of clinical grade T cells for immunotherapy [8], their use in extensive gene thera‐
py regimens is constrained. Clinical grade viral vectors are very expensive to manufacture
given the stringent regulatory oversight and limited number of GMP certified production fa‐
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cilities. A batch of clinical grade retroviral supernatant for treating patients costs between
$400,000 to $500,000 (personal communciation, GMP facility director, Baylor College of
Medicine). The production of clinical GMP (cGMP) grade viral supernatant is extremely
time intensive as, in addition to optimization of culture conditions, the supernatant needs
extensive testing for microbial contamination, presence of replication competent viral parti‐
cles as well as validation of sequence and functionality. The entire production run and asso‐
ciated testing may require up to six months. These viral stocks also have limited shelf life.
Upon release the desired cell type is transduced, selected and expanded which is then fol‐
lowed by quality assurance checks. This also requires extensive training of the personnel in‐
volved in production and testing and scaling up production as would be required for future
gene therapy regimens will not be economical. In contrast, cGMP grade transposon plas‐
mids can be manufactured more quickly. The production can be scaled up quickly and exist‐
ing facilities can be upgraded and certified in a shorter time frame. The cost of
manufacturing and release of cGMP grade plasmid DNA is between $20,000 and $ 40,000
[9]. The use of transposons drastically reduces both the time and cost of production of the
gene delivery system. In the first clinical trial approved by the FDA for infusion of autolo‐
gous ex vivo sleeping beauty modified T cells [10], the most time intensive step was the test for
fungal and bacterial contamination (14 days).
sleeping beauty piggyBac
Cargo Capacity ~10 kb >100 kb
Foot Print Insertion site mutated upon
excision
No “foot print” mutation
Needs titration for optimal activity Yes Yes
Hyper Active Versions SB100X (most active SB
version)
hyPBase
Effect of ‘N’ and ‘C’ terminal modifications 50% or more reduction in
efficacy
No apparent reduction in
efficiency
Integration site preference More random Slight increased preference
for genes and TSS
Can be engineerd to bias integration sites Yes Yes
Table 1. Comparison of sleeping beauty and piggyBacproperties. TSS, transcriptional start sites.
3.2. Delivery of large and multiple transgenes
Although retroviral and lentiviral vectors have been successfully used for delivering multi‐
ple transgenes, they are limited by their cargo capacity[11,12]. Both these vector systems can
carry a limited cargo of up to 8kb which is limited by the packaging capacity of their capsid
envelop [13]. Early reports demontrated the sleeping beauty system to have reduced efficien‐
cy beyond transposon size of 10kb [14]. In contrast the piggyBac system has been successful‐
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ly utilized to modify primary human lymphocytes with 15 kb transposon with an initial
transfection efficiency of 20% which increased up to 90% upon selection and expansion [15].
The piggyBac system has been successfully used for mobilizing transposons as large as 100
kb in mouse embryonic stem (ES) cells [16]. An increased cargo capacity also imparts the
ability to deliver multiple transgenes to the same cell. For example, using the piggyBac sys‐
tem, human cells were efficiently modified to express a three subunit functional sodium
channel which retained its electro-physiological properties even after 35 passages [17].
3.3. Less immunogenicity
One of the major concerns for viral gene delivery system is the associated immunogenicity
as evidenced by the death of a patient receiving liver targeted adenoviral gene therapy for
partial ornithine transcarbamylase deficiency in 1999 [13].The systemic delivery of the viral
particles initiated a cytokine storm leading to multiple organ failure within four days of ad‐
ministration of the vector [18]. Attempts have been made to reduce the immunogenicity of
viral vectors by stripping them of all endogenous viral genes (‘gutted’ or ‘helper-dependent’
vectors) [19], but even the use of modified viral delivery systems are potentially immuno‐
genic as evidenced by long term inflammation of rat brains injected with replication defi‐
cient adenoviral vectors [20].
Transposons are circular plasmid DNA molecules and do not contain a viral shell or viral anti‐
gens. The host response to non-viral vectors has not been well characterized. Toll-like receptor
(TLR)-9 is known to recognize DNA with unmethylated CpG dinucleotides in the endosome‐
which can lead to signalling via MyD88 and production of inflammatory mediators such as
TNF and IFN-α [21]. Other mechanisms of innate immune sensing of naked DNA include
DNA-dependent activator of interferon (IFN)-regulatory factors (DAI) (also called Z-DNA-
binding protein 1, ZBP1), RNA polymerase III (Pol III), absent in melanoma 2 (AIM2), leucine-
rich repeat (in Flightless I) interacting protein-1 (Lrrfip1), DExD/H box helicases (DHX9 and
DHX36), and most recently, the IFN-inducible protein IFI16 [22]. These molecules use inde‐
pendent and sometimes overlapping signalling pathways to elicit immune response to deliv‐
ered DNA. Nonetheless, much remains to be discovered about host immune response to
delivered DNA and how to overcome such an obstacle for effective gene therapy.
3.4. Less propensity for oncogenic mutations
Human immunodeficiency virus (HIV) has been shown to prefer genes for integration in
SupT1 and Jurkat cells [23]. Murine leukemia virus (MLV) derived vectors have been used
for stable gene transfer for therapy but they have been shown to prefer transcriptional start
sites (TSS) for integration [24]. Integrations near the promoter of the LMO2 proto-oncogene
has been associated with leukemia in the French X-SCID gene therapy trial [25]. The genome
wide mapping of sleeping beauty transposons in mammals have revealed a modest bias to‐
wards transcriptional units and upstream regulatory sequences which varies between cell
types [26]. The integration site profiling of both piggyBac in primary human cells and cell
lines have revealed no preferred chromosomal hotspots [7,27]. It also has no preference for
genomic repeat elements and known proto-oncogenes. PiggyBac has a preference for inte‐
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grating into RefSeq genes and near TSS and CpG enriched motifs although this may be in‐
fluenced by the state of the cell or type of the cell. Both sleeping beauty and piggyBac are being
engineered for site-directed gene delivery to improve the safety of gene transfer. True geno‐
toxic risk for viral vectors was not discovered until they were used in humans. Transposons
have not yet been used in humans, though one clinical trial has be approved.
4. Challenges of transposon as gene delivery system
Given the promise of transposons as gene delivery vehicle, it suffers from certain challenges
e.g. reduced delivery, random integration profile and silencing of the integrated transgene.
4.1. Low delivery efficiency
Transposon systems are carried by naked DNA plasmids and there efficiency is limited to the
efficiency of getting the plasmid into to the cell by chemical or physical means. Certain pri‐
mary cells and cell lines are easy to transfect (e.g. HEK293, HeLa, Hepatocytes) and transpo‐
sons have high transposition efficiency in these cells. But other clinically relevant cells (e.g.
primary lymphocytes) are difficult to transfect. Often the method used for transfection (e.g.
nucleofection and electroporation) is toxic to the cells and leads to excessive cell death thus re‐
ducing the efficiency of stable transfection. Efforts are on to circumvent these difficulties by de‐
veloping novel delivery methods e.g. cell-penetrating peptides (CPP) –piggyBac fusions [28] or
using polyethylenimine [29]. Some investigators have encapsulated transposon systems with‐
in viruses to use the virus to deliver the DNA from which transposition occurs [30-34] This may
improve efficiency, however, the issues with immunogenicity of viruses remain.
4.2. Random integration profile
Transposons as described above have uncontrolled or relatively random integration prefer‐
ence with regards to genomic elements. This leaves the transposed transgene open to influ‐
ence of the neighboring genomic region. Additional, uncontrolled or not site-directed
integration increases the risk for possible genotoxicity.
4.3. Silencing of the integrated transgene
Gene silencing has been observed when using sleeping beauty in cultured cells [35]. Transgene
silencing and epigenetic transgene modification has not been well studied with piggyBac.
5. Applications
Both sleeping beauty and piggyBac have demonstrated correct of disease phenotypes in ani‐
mal models or in human cells (Table 2).
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Disease Transposon system Reference
Hemophilia B SB [34,36]
Hemophilia A SB [37,38]
Tyrosinemia Type I SB [39]
JunctionalEpidermolysisBullosa SB [40]
Diabetes SB [41]
Huntington’s disease SB [42]
Mucopolysaccharidosis I & VII SB [43,44]
α1-antitrypsin deficiency PB [45]
Table 2. List of diseases corrected with Sleeping Beauty (SB) and piggyBac (PB)
5.1. Genetic modification of human T lymphocytes
Peripheral blood and umbilical cord T cells have been extensively modified with both viral
and non-viral gene delivery systems for immunotherapeutic purposes [10]. This therapeutic
avenue has been successfully used for the treatment of viral infections and Epstein Barr vi‐
rus (EBV) associated lymphoma post autologous bone marrow transplantation [46,47]. They
also hold promise for treatment of other cancers [48-50]. But the use of of viral vectors for
the generation of clinical grade T cells is expensive, time intensive and not free of risks. Non-
viral gene delivery systems, including DNA transposons, are being increasingly explored as
an alternative strategy.
Figure 3. Schematic of transposon modificaiton of primary human T cells.
A schematic of how primary human T lymphocytes can be gene modified with transposons
is shown in Figure 3. The sleeping beauty system was used to successfully modify peripheral
blood mononuclear cells with a CD19-specific chimeric antigen receptor (CAR)[9]. These
modified PBMCs were then used to generate CAR+ T cells which preserved their CD4+,
CD8+, central memory and effector-effector cell phenotypes. The piggyBac system has also
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been optimized to achieve stable transgene expression in human T lymphocytes [51]. Fur‐
ther, primary lymphocytes have been modified with multiple transgenes to redirect their
specificity for CD19 and make them resistant to off target effects of chemotherapeutic drugs
like rapamycin [15]. Cytotoxic T lymphocytes specific for Epstein Barr Virus (EBV) have also
been successfully modified with human epidermal growth factor receptor-2 specific CAR
(HER2-CAR)[52]. The first clinical trial involving transposon modified autologous T cells
with a second generation CD19-specific CAR has been approved by the Food and Drug Ad‐
ministration[10]. This trial will involve the infusion of ex vivo expanded autologous T cells in
patients undergoing autologous hematopoietic stem cell (HSC) transplantation with high
risk of relapsed B-cell malignancies.
5.2. Generation of induced pluripotent stem cells
Induced pluripotent stem cells (iPSCs) generated from a patient’s own differentiated somat‐
ic cells holds promise for regenerative medicine. Early successful attempts involved delivery
of defined reprogramming factors using retroviral vectors [11,53]. Unfortunately 20% of the
chimeric offspring obtained from germline transmission of retrovirally reprogrammed
clones developed tumors due to reactivation of the c-myc oncogene [54]. In addition, ectopic
expression of the reprogramming factor(s) has been linked to tumors and skin dysplasia
[55-56]. One way to circumvent the use of viral delivery systems is to deliver the program‐
ming factors as recombinant proteins [57] or by repeated plasmid transfections [58], both of
which have proven to be extremely slow and inefficient. The higher gene delivery efficiency
of transposons together with their ability of being excised from the cells post reprogram‐
ming and differentiation make them an attractive choice for generating iPSCs.
Somatic cells have been transfected with piggyBac transposons carrying reprogramming fac‐
tors and transposase. Reprogrammed iPSCs are selected and propagated to obtain individu‐
al iPSC clones. To generate transgene-free iPSCs, the transposase is re-expressed to remove
the reprogramming factors followed by negative selection to identify transgene-free iPSCs
(Figure 4).
Figure 4. Generation of transgene-free iPSCs using the piggyBac system.
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The piggyBac system seems to be ideally suited for this as it can undergo precise excision
and does not leave behind “foot print” mutations [5]. In contrast, the sleeping beauty system
has been shown to excise imprecisely leaving behind altered insertion sites [3]. The piggyBac
system has been successfully used to generate transgene free iPSCs from both mouse and
human embryonic fibroblasts with efficiency comparable to retroviral vectors [59-60]. Piggy‐
Bac has also been used to successfully reprogram murine tail tip fibroblasts into fully differ‐
entiated melanocytes which are more compatible with cell therapy regimens [61]. The use of
a piggyBac based inducible reprogramming system also proved to be more stable and quick‐
er than an inducible lentiviral system [62].
5.3. Genetic modification of stem cells
Transposons have been used for genetic modification of human embryonic stem cells [63].
More recently, transposons have been used to insert bacterial artificial chromosomes (BACs)
in human ES cells [64]. Both sleeping beauty and piggyBac have been used to genetically modi‐
fy hematopoietic stem cells [65]. Transposons provide an effective mechanism for perma‐
nent (or reversible in the case of piggyBac) genetic modification of a variety of stem cell types
for eventual use in therapy.
6. Current hot topics and future directions
6.1. Generation of hyperactive transposon elements
SB100X and native piggyBac both have similar activity levels in human cells which is 100 fold
more than the native sleeping beauty. The hyperactive piggyBac transposase (hyPBase) has
been shown to have 2 to 3 fold more activity than SB100X or native PB [66] (Figure 5).
Figure 5. Comparison of transposase activity in human cells
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Efficiency of transposition is perceived as a bottleneck to efficient gene delivery. Attempts to
engineer hyperactive versions of transposase have resulted in versions with increasing
transposition activity. Strategies employed include import of amino acids from related
transposases [67], alanine scanning [68] and site directed mutagenesis [69]. The construction
of the SB100X transposase with ~100 folds higher activity than the original sleeping beauty
transposase employed a high throughput screen of mutant transposases obtained from
DNA shuffling [70]. A hyperactive version of the piggyBac transposase (hyPBase) has also
been engineered with 17-fold increase in excision and 9-fold increase in integration [71]. The
hyPBase has 7 amino acid substitution identified from a screen of PBase mutants but none of
the 7 substitutions are in the catalytic domain of the transposase. The hyPBase also has foot‐
print mutation frequency (<5%) comparable to the wild type transposase and no apparent
effect on genomic integrity. Unlike SB100X which showed a 50% reduction, the addition of a
24 kDa ZFN tag did not significantly alter transposition efficiency [66]. In vivo, a mouse co‐
don optimized version of hyPBase showed 10-fold greater long term gene expression than
both native piggyBac and SB100X.
6.2. Engineering transposon systems for site-directed integration
Random integration of transgene during delivery have resulted in adverse events including
leukemia [25,72]. Integration of transgenes at other genetic loci may also affect expression of
critical genes. Engineering transposon systems for site-directed integration would allow
transgene delivery to sites in the genome resulting in improved gene expression, reduced
positional effects at the site of integration, and improved safety. Most studies have utilized
fusion of DNA-binding domains to the transposase to achieve site directed integration, be‐
ginning with the engineering of the sleeping beauty system. Sleeping beauty has been engi‐
neered to bias integration into plasmids containing target sites [73-74] and near selected
elements and repeat elements in the genome [75-76]. The piggyBac system seems to be more
suited for transposase modifications as the addition of additional domains to the transpo‐
sase does not alter the systems efficiency [7,77-79]. A Gal4-piggyBac fusion transposase has
been shown to bias integration near Gal4 sites in episomal plasmids [80] and the genome
[81]. A chimeric transposase containing an engineered zinc finger protein (ZFP) fused to the
native piggyBac transposase has also been successfully used to bias integration at the genom‐
ic level [79]. Researchers have also used transcription factor DNA binding domains fused to
the piggyBac transposase to label nearby transcription factor binding sites in the genomes of
cells [82]. Current approaches are hampered by the ability of the transposase to integrate on
its own without the targeting machinery which can lead to off-target integration. Futher en‐
gineering modifications to both the transposase and transposon may overcome this limita‐
tion.
7. Conclusion
Transposon systems are well suited for ex vivo gene therapy and in vivo delivery to target
organs may also become a reality in the future. The advantages of lower cost and more
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widespread applicability than viral vectors, in combination with the potential for site-direct‐
ed gene delivery, make transposons a promising non-viral gene delivery system as an alter‐
native to viral vectors.
Acknowlegements
SS is supported in part by the Howard Hughes Medical Institute Med-Into-Grad Scholar
grant to TBMM Program. MHW is supported in part by NIH R01 DK093660.
Author details
Sunandan Saha2,3 and Matthew H. Wilson1,2,3,4
*Address all correspondence to: mhwilson@bcm.edu
1 Michael E. DeBakey VA Medical Center, Baylor College of Medicine, Houston TX, USA
2 Interdepartmental Program in Translational Biology & Molecular Medicine, Baylor Col‐
lege of Medicine, Houston TX, USA
3 Department of Medicine-Nephrology Division, Baylor College of Medicine, Houston TX,
USA
4 Center for Cell and Gene Therapy, Baylor College of Medicine, Houston TX, USA
References
[1] McClintock B. The Origin and Behavior of Mutable Loci in Maize. ProcNatlAcadSci U
S A. 1950 Jun;36(6):344–55.
[2] Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial se‐
quencing and analysis of the human genome. Nature. 2001 Feb 15;409(6822):860–921.
[3] Ivics Z, Hackett PB, Plasterk RH, Izsvák Z. Molecular Reconstruction of Sleeping
Beauty, a Tc1-like Transposon from Fish, and Its Transposition in Human Cells. Cell.
1997 Nov 14;91(4):501–10.
[4] Cary LC, Goebel M, Corsaro BG, Wang H-G, Rosen E, Fraser MJ. Transposon muta‐
genesis of baculoviruses: Analysis of Trichoplusiani transposon IFP2 insertions with‐
in the FP-locus of nuclear polyhedrosis viruses. Virology. 1989 Sep;172(1):156–69.
[5] Fraser MJ, Clszczon T, Elick T, Bauser C. Precise excision of TTAA-specific lepidop‐
teran transposons piggyBac (IFP2) and tagalong (TFP3) from the baculovirus genome
Transposons for Non-Viral Gene Transfer
http://dx.doi.org/10.5772/52527
279
in cell lines from two species of Lepidoptera. Insect Molecular Biology. 1996;5(2):141–
51.
[6] Mitra R, Fain-Thornton J, Craig NL. piggyBac can bypass DNA synthesis during cut
and paste transposition. The EMBO Journal. 2008 Apr 9;27(7):1097–109.
[7] Wilson MH, Coates CJ, George AL. PiggyBac Transposon-mediated Gene Transfer in
Human Cells. Molecular Therapy. 2007;15(1):139–45.
[8] Savoldo B, Ramos CA, Liu E, Mims MP, Keating MJ, Carrum G, et al. CD28 costimu‐
lation improves expansion and persistence of chimeric antigen receptor–modified T
cells in lymphoma patients. Journal of Clinical Investigation. 2011 May 2;121(5):1822–6.
[9] Singh H, Manuri PR, Olivares S, Dara N, Dawson MJ, Huls H, et al. Redirecting Spe‐
cificity of T-Cell Populations For CD19 Using the Sleeping Beauty System. Cancer
Res. 2008 Apr 15;68(8):2961–71.
[10] Hackett PB, Largaespada DA, Cooper LJ. A Transposon and Transposase System for
Human Application. Molecular Therapy. 2010;18(4):674–83.
[11] Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction
of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell.
2007 Nov 30;131(5):861–72.
[12] Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al. In‐
duced Pluripotent Stem Cell Lines Derived from Human Somatic Cells. Science. 2007
Dec 21;318(5858):1917–20.
[13] Thomas CE, Ehrhardt A, Kay MA. Progress and problems with the use of viral vec‐
tors for gene therapy. Nature Reviews Genetics. 2003 May 1;4(5):346–58.
[14] Balciunas D, Wangensteen KJ, Wilber A, Bell J, Geurts A, Sivasubbu S, et al. Harness‐
ing a High Cargo-Capacity Transposon for Genetic Applications in Vertebrates. PLoS
Genet. 2006 Nov 10;2(11):e169.
[15] Huye LE, Nakazawa Y, Patel MP, Yvon E, Sun J, Savoldo B, et al. CombiningmTor
Inhibitors With Rapamycin-resistant T Cells: A Two-pronged Approach to Tumor
Elimination. Molecular Therapy [Internet]. 2011 [cited 2012 Jul 12]; Available from:
http://www.nature.com.ezproxyhost.library.tmc.edu/mt/journal/vaop/ncurrent/full/
mt2011179a.html
[16] Li MA, Turner DJ, Ning Z, Yusa K, Liang Q, Eckert S, et al. Mobilization of giant pig‐
gyBac transposons in the mouse genome. Nucl. Acids Res. 2011 Dec 1;39(22):e148–
e148.
[17] Kahlig KM, Saridey SK, Kaja A, Daniels MA, George AL, Wilson MH. Multiplexed
transposon-mediated stable gene transfer in human cells. ProcNatlAcadSci U S A.
2010 Jan 26;107(4):1343–8.
Gene Therapy - Tools and Potential Applications280
[18] Assessment of adenoviral vector safety and toxicity: report of the National Institutes
of Health Recombinant DNA Advisory Committee. Hum. Gene Ther. 2002 Jan 1;13(1):
3–13.
[19] Morsy MA, Caskey CT. Expanded-capacity adenoviral vectors--the helper-depend‐
ent vectors. Mol Med Today. 1999 Jan;5(1):18–24.
[20] Thomas CE, Schiedner G, Kochanek S, Castro MG, Löwenstein PR. Peripheral infec‐
tion with adenovirus causes unexpected long-term brain inflammation in animals in‐
jected intracranially with first-generation, but not with high-capacity, adenovirus
vectors: Toward realistic long-term neurological gene therapy for chronic diseases.
PNAS. 2000 Jun 20;97(13):7482–7.
[21] Baccala R, Gonzalez-Quintial R, Lawson BR, Stern ME, Kono DH, Beutler B, et al.
Sensors of the innate immune system: their mode of action. Nature Reviews Rheuma‐
tology. 2009 Jul 14;5(8):448–56.
[22] Sharma S, Fitzgerald KA. Innate immune sensing of DNA. PLoSPathog. 2011 Apr;
7(4):e1001310.
[23] Bushman F, Lewinski M, Ciuffi A, Barr S, Leipzig J, Hannenhalli S, et al. Genome-
wide analysis of retroviral DNA integration. Nature Reviews Microbiology. 2005 Nov
1;3(11):848–58.
[24] Wu X, Li Y, Crise B, Burgess SM. Transcription Start Regions in the Human Genome
Are Favored Targets for MLV Integration. Science. 2003 Jun 13;300(5626):1749–51.
[25] Hacein-Bey-Abina S, Kalle CV, Schmidt M, McCormack MP, Wulffraat N, Leboulch
P, et al. LMO2-Associated Clonal T Cell Proliferation in Two Patients after Gene
Therapy for SCID-X1. Science. 2003 Oct 17;302(5644):415–9.
[26] Yant SR, Wu X, Huang Y, Garrison B, Burgess SM, Kay MA. High-Resolution Ge‐
nome-Wide Mapping of Transposon Integration in Mammals. Mol. Cell. Biol. 2005
Mar 15;25(6):2085–94.
[27] Galvan DL, Nakazawa Y, Kaja A, Kettlun C, Cooper LJN, Rooney CM, et al. Ge‐
nome-wide Mapping of PiggyBac Transposon Integrations in Primary Human T
Cells. Journal of Immunotherapy. 2009 Oct;32(8):837–44.
[28] Lee C-Y, Li J-F, Liou J-S, Charng Y-C, Huang Y-W, Lee H-J. A gene delivery system
for human cells mediated by both a cell-penetrating peptide and a piggyBactranspo‐
sase. Biomaterials. 2011 Sep;32(26):6264–76.
[29] Kang Y, Zhang X, Jiang W, Wu C, Chen C, Zheng Y, et al. Tumor-directed gene ther‐
apy in mice using a composite nonviral gene delivery system consisting of the piggy‐
Bac transposon and polyethylenimine. BMC Cancer. 2009 Apr 27;9(1):126.
[30] Bak RO, Mikkelsen JG. Mobilization of DNA transposable elements from lentiviral
vectors. Mob Genet Elements. 2011;1(2):139–44.
Transposons for Non-Viral Gene Transfer
http://dx.doi.org/10.5772/52527
281
[31] Mikkelsen JG, Yant SR, Meuse L, Huang Z, Xu H, Kay MA. Helper-Independent
Sleeping Beauty transposon-transposase vectors for efficient nonviral gene delivery
and persistent gene expression in vivo. Mol. Ther. 2003 Oct;8(4):654–65.
[32] Staunstrup NH, Moldt B, Mátés L, Villesen P, Jakobsen M, Ivics Z, et al. Hybrid lenti‐
virus-transposon vectors with a random integration profile in human cells. Mol. Ther.
2009 Jul;17(7):1205–14.
[33] Hausl M, Zhang W, Voigtländer R, Müther N, Rauschhuber C, Ehrhardt A. Develop‐
ment of adenovirus hybrid vectors for Sleeping Beauty transposition in large mam‐
mals. Curr Gene Ther. 2011 Oct;11(5):363–74.
[34] Yant SR, Ehrhardt A, Mikkelsen JG, Meuse L, Pham T, Kay MA. Transposition from
a gutless adeno-transposon vector stabilizes transgene expression in vivo. Nature Bio‐
technology. 2002;20(10):999–1005.
[35] Garrison BS, Yant SR, Mikkelsen JG, Kay MA. Postintegrative gene silencing within
the Sleeping Beauty transposition system. Mol. Cell. Biol. 2007 Dec;27(24):8824–33.
[36] Yant SR, Meuse L, Chiu W, Ivics Z, Izsvak Z, Kay MA. Somatic integration and long-
term transgene expression in normal and haemophilic mice using a DNA transposon
system. Nature Genetics. 2000 May 1;25(1):35–41.
[37] Ohlfest JR, Frandsen JL, Fritz S, Lobitz PD, Perkinson SG, Clark KJ, et al. Phenotypic
correction and long-term expression of factor VIII in hemophilic mice by immunoto‐
lerization and nonviral gene transfer using the Sleeping Beauty transposon system.
Blood. 2005 Apr 1;105(7):2691–8.
[38] Liu L, Mah C, Fletcher BS. Sustained FVIII Expression and Phenotypic Correction of
Hemophilia A in Neonatal Mice Using an Endothelial-Targeted Sleeping Beauty
Transposon. Molecular Therapy. 2006;13(5):1006–15.
[39] Montini E, Held PK, Noll M, Morcinek N, Al-Dhalimy M, Finegold M, et al. In Vivo
Correction of Murine Tyrosinemia Type I by DNA-Mediated Transposition. Molecu‐
lar Therapy. 2002;6(6):759–69.
[40] Ortiz-Urda S, Lin Q, Yant SR, Keene D, Kay MA, Khavari PA. Sustainable correction
of junctionalepidermolysisbullosa via transposon-mediated nonviral gene transfer.
Gene Therapy. 2003;10(13):1099–104.
[41] He C-X, Shi D, Wu W-J, Ding Y-F. Insulin expression in livers of diabetic mice medi‐
ated by hydrodynamics-based administration. World J Gastroenterol. 2004 Feb
15;10(4):567–72.
[42] Chen ZJ, Kren BT, Wong PY-P, Low WC, Steer CJ. Sleeping Beauty-mediated down-
regulation of huntingtin expression by RNA interference. Biochemical and Biophysical
Research Communications. 2005 Apr 8;329(2):646–52.
[43] Aronovich EL, Bell JB, Belur LR, Gunther R, Koniar B, Erickson DCC, et al. Pro‐
longed expression of a lysosomal enzyme in mouse liver after Sleeping Beauty trans‐
Gene Therapy - Tools and Potential Applications282
poson-mediated gene delivery: implications for non-viral gene therapy of
mucopolysaccharidoses. The Journal of Gene Medicine. 2007;9(5):403–15.
[44] Aronovich EL, Bell JB, Khan SA, Belur LR, Gunther R, Koniar B, et al. Systemic Cor‐
rection of Storage Disease in MPS I NOD/SCID Mice Using the Sleeping Beauty
Transposon System. Molecular Therapy. 2009;17(7):1136–44.
[45] Yusa K, Rashid ST, Strick-Marchand H, Varela I, Liu P-Q, Paschon DE, et al. Targeted
gene correction of α1-antitrypsin deficiency in induced pluripotent stem cells. Nature.
2011 Oct 12;478(7369):391–4.
[46] Leen AM, Myers GD, Sili U, Huls MH, Weiss H, Leung KS, et al. Monoculture-de‐
rived T lymphocytes specific for multiple viruses expand and produce clinically rele‐
vant effects in immunocompromised individuals. Nature Medicine. 2006 Oct 1;12(10):
1160–6.
[47] Rooney C., Ng CY., Loftin S, Smith C., Li C, Krance R., et al. Use of gene-modified
virus-specific T lymphocytes to control Epstein-Barr-virus-related lymphoprolifera‐
tion. The Lancet. 1995 Jan 7;345(8941):9–13.
[48] Straathof KCM, Bollard CM, Popat U, Huls MH, Lopez T, Morriss MC, et al. Treat‐
ment of nasopharyngeal carcinoma with Epstein-Barr virus–specific T lymphocytes.
Blood. 2005 Mar 1;105(5):1898–904.
[49] Bollard CM, Gottschalk S, Leen AM, Weiss H, Straathof KC, Carrum G, et al. Com‐
plete responses of relapsed lymphoma following genetic modification of tumor-anti‐
gen presenting cells and T-lymphocyte transfer. Blood. 2007 Oct 15;110(8):2838–45.
[50] Dudley ME, Wunderlich JR, Yang JC, Sherry RM, Topalian SL, Restifo NP, et al.
Adoptive Cell Transfer Therapy Following Non-Myeloablative but Lymphodeplet‐
ing Chemotherapy for the Treatment of Patients With Refractory Metastatic Melano‐
ma. JCO. 2005 Apr 1;23(10):2346–57.
[51] Nakazawa Y, Huye LE, Dotti G, Foster AE, Vera JF, Manuri PR, et al. Optimization of
the PiggyBac Transposon System for the Sustained Genetic Modification of Human T
Lymphocytes. Journal of Immunotherapy. 2009 Oct;32(8):826–36.
[52] Nakazawa Y, Huye LE, Salsman VS, Leen AM, Ahmed N, Rollins L, et al. PiggyBac-
mediated Cancer Immunotherapy Using EBV-specific Cytotoxic T-cells Expressing
HER2-specific Chimeric Antigen Receptor. Molecular Therapy [Internet]. 2011 [cited
2012 Jul 12]; Available from: http://
www.nature.com.ezproxyhost.library .tmc.edu/mt/journal/vaop/ncurrent/full/
mt2011131a.html
[53] Takahashi K, Yamanaka S. Induction of Pluripotent Stem Cells from Mouse Embry‐
onic and Adult Fibroblast Cultures by Defined Factors. Cell. 2006 Aug 25;126(4):663–
76.
[54] Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent induced pluri‐
potent stem cells. Nature. 2007 Jun 6;448(7151):313–7.
Transposons for Non-Viral Gene Transfer
http://dx.doi.org/10.5772/52527
283
[55] Hochedlinger K, Yamada Y, Beard C, Jaenisch R. Ectopic Expression of Oct-4 Blocks
Progenitor-Cell Differentiation and Causes Dysplasia in Epithelial Tissues. Cell. 2005
May 6;121(3):465–77.
[56] Foster KW, Liu Z, Nail CD, Li X, Fitzgerald TJ, Bailey SK, et al. Induction of KLF4 in
basal keratinocytes blocks the proliferation–differentiation switch and initiates squa‐
mous epithelial dysplasia. Oncogene. 2005;24(9):1491–500.
[57] Zhou H, Wu S, Joo JY, Zhu S, Han DW, Lin T, et al. Generation of Induced Pluripo‐
tent Stem Cells Using Recombinant Proteins. Cell Stem Cell. 2009 May 8;4(5):381–4.
[58] Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K. Induced Pluripotent Stem
Cells Generated Without Viral Integration. Science. 2008 Nov 7;322(5903):945–9.
[59] Yusa K, Rad R, Takeda J, Bradley A. Generation of transgene-free induced pluripo‐
tent mouse stem cells by the piggyBac transposon. Nature Methods. 2009;6(5):363–9.
[60] Woltjen K, Michael IP, Mohseni P, Desai R, Mileikovsky M, Hämäläinen R, et al. pig‐
gyBac transposition reprograms fibroblasts to induced pluripotent stem cells. Nature.
2009 Mar 1;458(7239):766–70.
[61] Yang R, Jiang M, Kumar SM, Xu T, Wang F, Xiang L, et al. Generation of Melano‐
cytes from Induced Pluripotent Stem Cells. Journal of Investigative Dermatology.
2011;131(12):2458–66.
[62] Wernig M, Lengner CJ, Hanna J, Lodato MA, Steine E, Foreman R, et al. A drug-in‐
ducible transgenic system for direct reprogramming of multiple somatic cell types.
Nat. Biotechnol. 2008 Aug;26(8):916–24.
[63] Wilber A, Linehan JL, Tian X, Woll PS, Morris JK, Belur LR, et al. Efficient and stable
transgene expression in human embryonic stem cells using transposon-mediated
gene transfer. Stem Cells. 2007 Nov;25(11):2919–27.
[64] Rostovskaya M, Fu J, Obst M, Baer I, Weidlich S, Wang H, et al. Transposon-mediat‐
ed BAC transgenesis in human ES cells. Nucleic acids research [Internet]. 2012 Jun 30
[cited 2012 Aug 9]; Available from: http://www.ncbi.nlm.nih.gov/pubmed/22753106
[65] Grabundzija I, Irgang M, Mátés L, Belay E, Matrai J, Gogol-Döring A, et al. Compara‐
tive Analysis of Transposable Element Vector Systems in Human Cells. Molecular
Therapy. 2010;18(6):1200–9.
[66] Doherty JE, Huye LE, Yusa K, Zhou L, Craig NL, Wilson MH. Hyperactive piggyBac
gene transfer in human cells and in vivo. Hum. Gene Ther. 2012 Mar;23(3):311–20.
[67] Baus J, Liu L, Heggestad AD, Sanz S, Fletcher BS. Hyperactive Transposase Mutants
of the Sleeping Beauty Transposon. Molecular Therapy. 2005;12(6):1148–56.
[68] Yant SR, Park J, Huang Y, Mikkelsen JG, Kay MA. Mutational Analysis of the N-Ter‐
minal DNA-Binding Domain of Sleeping Beauty Transposase: Critical Residues for
DNA Binding and Hyperactivity in Mammalian Cells. Mol. Cell. Biol. 2004 Oct
15;24(20):9239–47.
Gene Therapy - Tools and Potential Applications284
[69] Zayed H, Izsvák Z, Walisko O, Ivics Z. Development of Hyperactive Sleeping Beauty
Transposon Vectors by Mutational Analysis. Molecular Therapy. 2004;9(2):292–304.
[70] Mátés L, Chuah MKL, Belay E, Jerchow B, Manoj N, Acosta-Sanchez A, et al. Molecu‐
lar evolution of a novel hyperactive Sleeping Beauty transposase enables robust sta‐
ble gene transfer in vertebrates. Nature Genetics. 2009;41(6):753–61.
[71] Yusa K, Zhou L, Li MA, Bradley A, Craig NL. A hyperactive piggyBactransposase
for mammalian applications. PNAS. 2011 Jan 25;108(4):1531–6.
[72] Check E. Gene therapy: A tragic setback. Nature. 2002 Nov 14;420(6912):116–8.
[73] Ivics Z, Katzer A, Stüwe EE, Fiedler D, Knespel S, Izsvák Z. Targeted Sleeping Beau‐
ty Transposition in Human Cells. Molecular Therapy. 2007;15(6):1137–44.
[74] Yant SR, Huang Y, Akache B, Kay MA. Site-directed transposon integration in hu‐
man cells. Nucleic Acids Res. 2007;35(7):e50.
[75] Voigt K, Gogol-Döring A, Miskey C, Chen W, Cathomen T, Izsvák Z, et al. Retarget‐
ing Sleeping Beauty Transposon Insertions by Engineered Zinc Finger DNA-binding
Domains. Molecular therapy: the journal of the American Society of Gene Therapy [In‐
ternet]. 2012 Jul 10 [cited 2012 Aug 10]; Available from: http://
www.ncbi.nlm.nih.gov/pubmed/22776959
[76] Ammar I, Gogol-Döring A, Miskey C, Chen W, Cathomen T, Izsvák Z, et al. Retarget‐
ing transposon insertions by the adeno-associated virus Rep protein. Nucleic Acids
Res. 2012 Aug 1;40(14):6693–712.
[77] Wu SC-Y, Meir Y-JJ, Coates CJ, Handler AM, Pelczar P, Moisyadi S, et al. piggyBac is
a flexible and highly active transposon as compared to Sleeping Beauty, Tol2, and
Mos1 in mammalian cells. PNAS. 2006 Oct 10;103(41):15008–13.
[78] Cadiñanos J, Bradley A. Generation of an inducible and optimized piggyBac transpo‐
son system. Nucleic Acids Res. 2007;35(12):e87.
[79] Kettlun C, Galvan DL, Jr ALG, Kaja A, Wilson MH. Manipulating piggyBac Transpo‐
son Chromosomal Integration Site Selection in Human Cells. Molecular Therapy.
2011;19(9):1636–44.
[80] Maragathavally KJ, Kaminski JM, Coates CJ. Chimeric Mos1 and piggyBactranspo‐
sases result in site-directed integration. FASEB J. 2006 Sep;20(11):1880–2.
[81] Owens JB, Urschitz J, Stoytchev I, Dang NC, Stoytcheva Z, Belcaid M, et al. Chimeric
piggyBactransposases for genomic targeting in human cells. Nucl. Acids Res. [Inter‐
net]. 2012 Apr 9 [cited 2012 Jul 5]; Available from: http://nar.oxfordjournals.org/
content/early/2012/04/08/nar.gks309
[82] Wang H, Mayhew D, Chen X, Johnston M, Mitra RD. “Calling cards” for DNA-bind‐
ing proteins in mammalian cells. Genetics. 2012 Mar;190(3):941–9.
Transposons for Non-Viral Gene Transfer
http://dx.doi.org/10.5772/52527
285

